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in vacuo
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Dissociation kinetics for loss of a water molecule from hydrated ions of lithiated valine, alanine
ethyl ester and betaine are determined using blackbody infrared radiative dissociation at
temperatures between 60 and 110 °C. From master equation modeling of these data, values
of the threshold dissociation energy are obtained for clusters containing one through three
water molecules. By comparing the values for valine with its two isomers, one a model for the
nonzwitterion structure, the other a model for the zwitterion structure, information about the
structure of valine in these hydrated clusters is inferred. Structures, relative energies, and
water binding energies for these ions are also calculated at the B3LYP/6-31G** level of
theory. With one water molecule, both experiment and theory indicate that valine is not a
zwitterion and that the lithium ion coordinates with the amino nitrogen and the carbonyl
oxygen (NO coordinated) and the water molecule interacts directly with the lithium ion. With
two water molecules, the zwitterion and nonzwitterion structures are nearly isoenergetic, but
the experiment clearly indicates a NO-coordinated nonzwitterion structure. With three water
molecules, both the experimental data and theory indicate that the lithium ion binds to the
carboxylate group of valine, i.e., valine is zwitterionic with three water molecules. The
agreement between the experimentally determined and calculated binding energies is good for
all the clusters, with deviations of  0.12 eV. (J Am Soc Mass Spectrom 2004, 15, 1014–1024)
© 2004 American Society for Mass SpectrometryMolecular structure in solution depends on boththe intrinsic properties of the molecule and onthe effects of the surrounding solvent mole-
cules. Exclusion of water from the interior of proteins
influences protein folding and conformation. Similarly,
lipid bilayer formation is due to differences in water
interaction with the polar and hydrophobic ends of the
lipid molecules. Gas-phase experiments make possible
investigation of the intrinsic properties of the molecule.
Differences between gas-phase and solution-phase
structure can be attributed to solvent effects. Studies of
gas-phase peptides indicate that -helices can be stable
in the absence of water and indicate that the propensity
for helix formation for some amino acids differs in the
gas phase and in solution [1, 2]. For example, peptides
with high valine content have a higher helix-forming
propensity than their alanine analogues in the gas
phase, but just the opposite is observed in aqueous
solution [1].
In the condensed phase, specific water molecules can
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doi:10.1016/j.jasms.2004.04.001play an important role in molecular structure. Such
specific water molecules are often observed in crystal
structures of proteins and other molecules. Evidence for
specific water has been reported by Jarrold and cowork-
ers for the molecule BPTI which tightly binds one water
molecule in the gas phase [3, 4]. Magic hydration
numbers for gramicidin S at 8, 11, and 14 water mole-
cules suggest stable solvation shells around the doubly
protonated gas-phase ion [5], while a magic hydration
number of 40 water molecules has been attributed to
two pentagonal dodecahedron clathrate structures sur-
rounding the two protonated ornithine groups [6].
Greater extents of hydration observed for gramicidin S
than for cyclosporine A, two peptides of similar size,
have been related to the greater hydrophilicity of the
former [7]. Absorption of water on globular proteins
occurs more readily than on helical ones [2]. From
measurements of hydration free energies, information
about peptide structures can be inferred [8–11]. Such
hydration studies provide useful insight into effects of
water on molecular structure and how water molecules
interact with biomolecules [12–16].
Water plays a key role in moderating electrostatic
interactions in charged molecules. Amino acids are
zwitterionic in aqueous solution over a wide pH range,r Inc. Received January 21, 2004
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absence of solvent. The nonzwitterion form of glycine is
20 kcal/mol more stable than the zwitterion form in
the gas phase [17]. For arginine, the most basic amino
acid, the two forms are more comparable in energy [18],
but the nonzwitterion is 3 kcal/mol more stable
[18–22]. The zwitterion form can be made more stable
by attaching a metal ion or an electron to it. Calculations
indicate that an attached alkali metal cation [23–27],
silver (I) ion [28], or zinc (I) ion [29] can lower the
relative energy of the zwitterion or salt-bridge form of
glycine to only 1–4 kcal/mol higher in energy than the
nonzwitterion or charge-solvated form of these ions.
Experimental evidence indicates that only the charge-
solvated form exists in the gas phase [26, 30]. For
GlyNi and GlyCu, the nonzwitterion forms are 14
and 10 kcal/mol more stable, respectively [31, 32].
Attachment of divalent alkaline earth metal ions (except
Be2) [33], Cu2 [32] and Zn2 [29] can make the
zwitterion or salt-bridge form of glycine more stable by
5–12 kcal/mol.
For arginine, evidence suggests a nonzwitterion or
charge-solvated form when Li or Na is attached, but
a zwitterion or salt-bridge form with K, Rb, and Cs
[30, 34]. Attachment of an electron is sufficient to make
the zwitterion form slightly more stable [23, 35]. The
stability of higher order clusters of both neutral and
charged arginine has been attributed to zwitterionic
arginine [18, 36–38]. Protonated octamers of serine are
unusually stable in the gas phase [39–41] and a struc-
ture in which all the serine molecules are zwitterionic
has been proposed [39, 40].
For proline, attachment of an alkali metal or Ag
cation can make the zwitterion or salt-bridge form more
stable than the nonzwitterion or charge-solvated form
by 2–7 kcal/mol [30, 42, 43], but for Cu, the charge-
solvated form is 3.4 kcal/mol more stable [32, 44]. The
higher propensity for arginine and proline to form
zwitterion or salt-bridge structures is due in part to the
higher gas-phase proton affinity of the proton acceptor
and the poor charge-solvating ability in the case of
proline. These and other factors influencing the intrinsic
propensity of zwitterion formation are described else-
where [26, 45–47].
The effects of water on amino acid structure have
been investigated using theory [48–52], spectroscopy
[52–55], and by blackbody infrared radiative dissocia-
tion (BIRD) [45, 56, 57]. Calculations indicate that two
water molecules can make the zwitterion form of gly-
cine a local minimum on the potential energy surface,
but this structure is still 12 kcal/mol higher in energy
than the nonzwitterion [48]. Theory suggests that three
water molecules can make the two forms of glycine
nearly degenerate in energy [17]. Results from calcula-
tions on aspartic acid with three water molecules indi-
cate that the zwitterion form is more stable [58].
Spectroscopic investigations of tryptophan water
clusters generated in a free jet expansion by Peteanu
and Levy indicated that the water molecule binds to theamino group of the tryptophan side chain [59]. Time-
of-flight mass spectra of laser evaporated tryptophan
measured by Simons and coworkers show the presence
of an unusually stable Trp(H2O)3 cluster which is
suggested to be zwitterionic [54]. Recent photoelectron
spectroscopy results of Bowen and coworkers indicate
that four water molecules transform the dipole bound
anion of both phenylalanine and tryptophan to their
zwitterion form [55]. Five water molecules were found
to be necessary for glycine [55].
The structure of cationized valine with different
numbers of water molecules attached has been investi-
gated using a combination of BIRD experiments and
theory [56, 57]. Kinetic data for the loss of a water
molecule from cationized valine, ValM(H2O)n, M 
Li, Na, K, and related isomers that model the nonzwit-
terion and zwitterion forms of valine were measured.
These data indicate that the metal binds to the carbonyl
oxygen and the amino nitrogen of the nonzwitterion
form (NO coordination) for Li and Na, but for K, the
metal binds to the two oxygen atoms (OO coordina-
tion). The data indicated that attachment of a water
molecule to the clusters with either Li or Na does not
significantly affect the structures or the relative energet-
ics of these ions [56]. With two water molecules, the
experiments clearly indicated that the mode of metal
ion binding to valine remains the same for Li clusters,
but the mode of metal ion binding changes to OO
coordination for the Na clusters. With three water
molecules, the kinetics data strongly indicate that valine
is zwitterionic in the clusters with Li, and that the metal
is OO coordinated. For both Li and Na, clusters with six
water molecules are more stable than clusters with five
water molecules, indicating an unusually stable ar-
rangement of water consistent with valine being zwit-
terionic in these clusters [57].
Here, the threshold dissociation energies of water
from ValLi(H2O)n, n  1–3 and two isomeric model
compounds are determined using BIRD. We show that
the binding energy of water to the zwitterion and
nonzwitterion reference structures differ and that this
difference in energy can be used as a probe of zwitte-
rionic structure in these clusters. These results provide
additional evidence that three water molecules are
required to change valine from its preferred nonzwit-
terion form in the gas phase, to its solution-phase
zwitterion form in these clusters.
Experimental
Chemicals
Valine (Val) was obtained from Sigma Chemical Co.
(Saint Louis, MO). The hydrochloride salt of alanine
ethyl ester (AlaOEt), the monohydrate and hydrochlo-
ride salt of betaine (Bet), and lithium hydroxide were
obtained from Aldrich Chemical Co. (Milwaukee, WI).
Lithium chloride was purchased from Fisher Scientific
(Fair Lawn, NJ). All chemicals were used as purchased.
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(or amino acid analogue) and 1.0 mM metal ion using
deionized water. Chloride salts were used to form
hydrated ValM and BetM clusters while metal hy-
droxides gave much better signals for the AlaOEtM
clusters. Separate experiments comparing the evapora-
tion rates of water from BetM clusters made with
metal hydroxide and metal chloride salts were per-
formed. No differences in evaporation rates were ob-
served, indicating that the source of the metal ion and
the presence of chloride versus hydroxide in the elec-
trospray solution do not affect the dissociation kinetics
of the isolated ions.
Mass Spectrometry
Ions are formed by nanoelectrospray ionization using
0.78 mm inner diameter borosilicate capillaries that are
pulled to a diameter of 3–5 m using a Flaming-
Brown micropipette puller (Sutter Instruments model
P-87, Novato, CA). A platinum wire inserted down the
center of the other end of the capillary is used as an
electrode and is held at a potential of 1 kV. The tip of
the nanospray capillary is placed approximately 1 mm
from the electrospray interface of the home-built Fou-
rier-transform mass spectrometer that has a 2.7 T su-
perconducting magnet. Information about our instru-
ment is provided elsewhere [60, 61]. After a period of
2–6 s, during which electrospray generated ions are
accumulated in the ion cell, a mechanical shutter is
closed to stop additional ions from entering the cell.
Nitrogen gas is pulsed into the ion cell at a pressure of
2  106 torr during the ion accumulation period to
assist in ion trapping and thermalization. The un-
wanted ions are ejected from the cell using a series of
stored waveform inverse Fourier-transform (SWIFT)
and chirp excitation waveforms. The hydrated ion clus-
ter of interest is then allowed to undergo unimolecular
dissociation for times ranging from 0–300 s. For exper-
iments involving a heated cell, the temperature of the
entire vacuum chamber is raised by using electrically
resistive heating blankets located on the outside of the
chamber. For experiments done below room tempera-
ture, the copper jacket surrounding the cell is cooled to
a uniform temperature [61]. This is done by regulating
the opening and shutting of a solenoid that controls the
flow of liquid nitrogen around the outside of the copper
jacket. Prior to all experiments, the temperature is
allowed to equilibrate overnight (8 h) to ensure that
the ions are exposed to a steady state radiative energy
distribution from infrared photons emitted from the
walls of the copper jacket and vacuum chamber. Fol-
lowing the variable reaction delay, the product ions are
excited for detection using a frequency sweep with a
rate of 2200 Hz/s. A detection bandwidth of 4000 kHz
is used. Data are acquired using an Odyssey data
system (Finnegan MAT, Bremen, Germany). For all
clusters of a specific hydration number, the experimen-
tal sequence (load time, isolation waveforms) was op-timized to maximize the abundance of BetM(H2O)n.
The same experimental sequence was then used for the
other isomeric clusters, and these sets of experiments
were done on the same day, immediately following
each other. This was done in order to ensure that
dissociation of the isomeric clusters, i.e., those with the
same extent of hydration, was done under as identical
experimental conditions as possible. Dissociation mea-
surements are made at cell pressures below 1  108
torr. At this pressure, collisions with background mol-
ecules do not affect dissociation rates and the rate con-
stants measured are in the zero-pressure limit [62–65] .
Although the copper jacket is at a known tempera-
ture, there are holes in the jacket that make possible the
introduction of sample and electrical connections into
the ion cell. These openings allow radiation from other
parts of the vacuum chamber to enter the ion cell and
interact with the ions. The electrical connections con-
duct heat to the ion cell inside the copper jacket. For
these reasons, the internal energy distribution of the
ions is not well characterized for the experiments per-
formed in the cooled cell at low temperature. Therefore,
we will refer to the temperature of the copper jacket as
the nominal temperature of the ion cell. The tempera-
ture that the ions experience inside the cooled cell has
been calibrated to the temperature of the copper jacket.
The procedure by which this is done, and the accuracy
of BIRD data at reduced temperatures is reported
elsewhere [61].
Computational Details
Lowest-energy structures of AALi(H2O)n, n  0–3,
have been previously reported at the B3LYP/6-31G*
level of theory [56, 57]. These structures were used as
starting structures for higher level calculations (B3LYP/
6-31G**) for this study. Hybrid method density
functional calculations (B3LYP) were performed using
Jaguar version 4.1 (Schro¨dinger, Inc., Portland, OR).
Water binding energies were calculated from these
lowest-energy structures. The 0 K energy of the
AALi(H2O)n complex, which includes both electronic
energies and nuclear repulsion, is subtracted from the
sum of the 0 K energies of H2O and the lowest-energy
AALi(H2O)n1 complex. This yields adiabatic binding
energies. For the ValLi(H2O)n zwitterion, n  1 and 2,
ValLi(H2O)3 nonzwitterion, and BetLi
(H2O)2, non-
adiabatic binding energies were calculated by using the
lowest energy AALi(H2O)n1 complex that has the
same modes of metal ion and water binding as the
AALi(H2O)n complex. For these complexes, it is likely
that the dissociative transition state will share the same
metal ion and water binding modes as the lowest-
energy reactant ion and hence should provide binding
energies that are more comparable to the experimen-
tally derived values than the adiabatic binding energy.
In the BIRD experiments, the measured rate for the
loss of a water molecule is dependent on the radiative
absorption and emission rates, the transition state en-
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water to the ion. We can numerically simulate the
experiment by modeling these processes using a master
equation formalism. This is discussed in detail else-
where [45, 64]. The error bars reported are a measure of
the reproducibility of the experimentally derived values
of Eo. These do not reflect systematic errors that may be
present, particularly for values measured at low tem-
peratures. However, a recent comparison of water bind-
ing energies to Ca2 and Mg2 measured by BIRD at
low temperatures to high-pressure equilibrium mea-
surements indicate that any systematic deviations that
may be present are very small [61].
Results and Discussion
The structures of ValLi(H2O)n, n  1–3, were investi-
gated using both blackbody infrared radiative dissoci-
ation (BIRD) experiments and theory. In these experi-
ments, structural information, i.e., zwitterion versus
nonzwitterion, is deduced by comparing kinetic data,
measured over a wide temperature range, for the loss of
a water molecule from the ion of interest to that for
model isomeric compounds of known structure. Betaine
is used as a model of the zwitterionic form of valine,
while alanine ethyl ester is a model of the nonzwitteri-
onic forms of valine. Both isomers have been shown
previously to be good model compounds, having sim-
ilar metal ion and water binding interactions and com-
parable integrated infrared absorption cross-sections
[56]. The structures of these molecules are shown in
Scheme 1. These three molecules are referred to as AAs
(amino acid or amino acid analogue).
BIRD rate constants for the loss of a single water
molecule from ValLi(H2O)n, n  1–3, are measured at
copper jacket temperatures between 60 and 110 °C.
Rate constants are determined from the slope of ln
{[AALi(H2O)n]/([AALi
(H2O)n] [AALi
(H2O)n1]
 . . .  [AALi])} versus time, where [AALi(H2O)n]
represents the ion abundance of a cluster with n water
molecules. All the data can be fit well by straight lines
with correlation coefficients 0.99, indicating first-or-
der kinetics.
Scheme 1Due to holes in the copper jacket surrounding the ion
cell and electrical connections which conduct heat to the
ion cell inside the copper jacket, the internal energy
distribution of the ions is not well characterized for the
experiments performed when the cell is significantly
below room temperature. Two temperature scales are
used for the analysis of the data for the experiments
done below room temperature: one which is the tem-
perature of the copper jacket surrounding the cell (TCJ),
and a temperature scale which is calibrated to a ther-
mocouple that was placed inside the cell in earlier
experiments (TT) [61]. Arrhenius parameters for water
binding are determined from plotting the natural logs
of the zero-pressure limit water dissociation rate con-
stants as a function of 1/T using both of these temper-
ature scales. The two temperature scales represent both
an upper and a lower limit to the uncertainty in the
temperature. Arrhenius plots using both TT (top) and
TCJ (bottom) are shown in Figure 1. Correlation coeffi-
cients for all the Arrhenius data are 0.992 with TT and
0.993 with TCJ.
AALi(H2O)
The Arrhenius data for the dissociation of water from
AALi(H O) were obtained at temperatures between
Figure 1. Arrhenius plots for the loss of a water molecule from
AALi(H2O)n, AA Val, AlaOEt, Bet and n 1–3, for (a) TT and
(b) TCJ.2
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Because all of these data were obtained above room
temperature, TT  TCJ. The values of the rate constants
for ValLi(H2O) and AlaOEtLi
(H2O) are similar to
each other, and both are different from those for
BetLi(H2O) over this temperature range (Figure 1).
The measured zero-pressure Arrhenius activation ener-
gies (Ea) and pre-exponential factors (A) obtained from
the Arrhenius plots are given in Table 1. The Ea and log
A values for ValLi(H2O) and AlaOEtLi
(H2O) are
within 7–8%, while the Ea and log A values for
ValLi(H2O) and BetLi
(H2O) are within 13–14%.
Despite the fact that these values for AlaOEtLi(H2O)
are in between those of ValLi(H2O) and BetLi
(H2O),
the dissociation kinetics for loss of water from the
alanine ethyl ester complex are much more similar to
those for the valine complex than to those for the
betaine complex (Figure 1). This suggests that the mode
of water binding in ValLi(H2O) is likely more similar
to that in AlaOEtLi(H2O) than BetLi
(H2O).
Lowest-energy structures for AALi at the B3LYP/
6-31G** level of theory are shown in Figure 2.
Nonzwitterionic lithiated valine is 0.12 eV lower in
Table 1. Zero-pressure limit Arrhenius Ea and log A values for
loss of a water molecule from AALi(H2O)n, n  1–3, using TCJ
and TT
n AA
Ea (eV)
TCJ
log A
TCJ
Ea (eV)
TT
log A
TT
1 Val 0.56  0.01 6.2  0.2 0.56  0.01 6.2  0.2
AlaOEt 0.52  0.01 5.7  0.1 0.52  0.01 5.7  0.1
Bet 0.48  0.02 5.4  0.2 0.48  0.02 5.4  0.2
2 Val 0.30  0.01 4.1  0.1 0.34  0.01 4.8  0.2
AlaOEt 0.30  0.01 4.2  0.1 0.34  0.01 4.8  0.2
Bet 0.38  0.01 5.1  0.2 0.43  0.02 5.9  0.3
3 Val 0.24  0.01 3.9  0.2 0.39  0.01 6.8  0.2
AlaOEt 0.12  0.01 2.1  0.1 0.20  0.01 3.6  0.2
Bet 0.19  0.02 3.3  0.3 0.29  0.02 5.1  0.3
Figure 2. Lowest-energy structures of AALi complexes at the
B3LYP/6-31G** level of theory. Relative energies (in eV)
include corrections for zero-point energy and enthalpy at 298 K.energy than the zwitterionic form at this level, includ-
ing zero-point energy and H(298K) corrections. The
metal ion binding in the nonzwitterionic valine com-
plex is modeled well by the alanine ethyl ester complex,
with the lithium ion NO-coordinated, while the lithium
in zwitterionic valine and betaine complexes is OO-
coordinated.
Lowest-energy structures for AALi(H2O) at the
B3LYP/6-31G** level of theory are shown in Figure
3. Nonzwitterionic lithiated valine is 0.12 eV lower in
energy than the zwitterion form at this level of theory,
including zero-point energy and H(298 K) corrections.
The lowest-energy zwitterionic valine structure, A, is
slightly different from the previously reported lowest-
energy structure at the B3LYP/6-31G* level, B [56].
The energy difference between these structures is rela-
tively small and the barrier for interconversion is also
likely to be very small. Thus, the water interaction in
both A and B is likely to be comparable. The metal ion
and water molecule are bound similarly in the nonzwit-
terionic valine complex and the alanine ethyl ester
complex, while the binding in the zwitterionic valine
complexes is similar to that in the betaine complexes.
From master equation modeling of the BIRD data,
threshold dissociation energies (Eo) for the loss of water
from AALi(H2O) can be determined. The values are
reported in Table 2. In the modeling, transition dipole
moments are calculated and used to determine rates of
photon absorption and emission. To take into account
uncertainties in these values, modeling is done using
transition dipole moment multiplication factors ranging
from 0.8 to 1.2. Accurate threshold dissociation energies
can be obtained from BIRD experiments using this
range of values [65]. Fits to our data cannot be obtained
over this entire range. The values of Eo for AALi
(H2O)
are 0.88  0.03, 0.86  0.03, and 0.82  0.03 eV for AA
 Val, AlaOEt, and Bet, respectively. The values of Eo
overlap for ValLi(H2O) and AlaOEtLi
(H2O), while
E for ValLi(H O) is 0.06 eV greater than
Figure 3. Lowest-energy structures of AALi(H2O) complexes
at the B3LYP/6-31G** level of theory. Relative energies (in eV)
include corrections for zero-point energy and enthalpy at 298 K.o 2
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work which shows that the difference in threshold
dissociation energies for loss of water between these
nonzwitterionic and zwitterionic isomers for sodiated
valine is about 0.05 eV [45]. While small uncertainties
exist in the absolute values of Eo due to uncertainties in
parameters that go into the modeling, the relative
values should be quite accurate due to both the similar
modeling parameters for these isomers and to the
nearly identical conditions under which the experimen-
tal data was obtained. The overlap in the threshold
dissociation energies for loss of water from
ValLi(H2O) and AlaOEtLi
(H2O) indicates that water
is bound similarly in these complexes.
Experimentally determined threshold dissociation
energies (Eo) were converted into binding enthalpies
(H) using eq 1 [61, 65, 66],
Table 2. Threshold dissociaton energies and binding enthalpies
determined from master equation modeling of the BIRD experim
multiplication factors ranging from 0.8 to 1.2
AALi(H2O)n AA
n 0.8
1 Val 0.90–0.91 0.8
AlaOEt 0.87–0.88 0.8
Bet 0.82–0.84 0.7
2, TCJ Val 0.59–0.62 0.5
AlaOEt 0.61–0.62 0.5
Bet 0.64–0.67 0.6
2, TT Val 0.63 0.6
AlaOEt — 0.6
Bet 0.68–0.72 0.6
3, TCJ Val 0.49–0.51
AlaOEt 0.27–0.30
Bet 0.43–0.47 0.4
3, TT Val —
AlaOEt — 0.4
Bet —
†calculation done with   1.8
Table 3. Binding energies of water (in eV) for AALi(H2O)n, n 
level of theory, with zero-point energy and H(298 K) correction
(H2O)n Val NZ
1 E (0 K) 1.12
ZPE 0.09
H (298K) 0.09
Total 0.95
2 E (0 K) 0.72
ZPE 0.07
H (298 K) 0.09
Total 0.56
3 E (0 K) 0.58*/0.65*‡//0.54†/0.58†‡
ZPE 0.12*/0.15*//0.04†/
H (298K) 0.08*/0.06*//0.12†/
Total 0.38*/0.44*‡//0.38†/0.41†‡
*NO-coordination
†OO-coordination
‡Nonadiabatic binding energyH(298 K) Eo Evib
298K(AA  Li Evib
298K(H2O)
 Evib
298K(AA  Li(H2O)) 4RT (1)
where Evib
298K is the average vibrational energy at 298 K.
The 4RT term takes into account the six degrees of
freedom (three rotational and three translational)
formed when the complex dissociates and the PV 
RT work term that converts energy to enthalpy. These
binding enthalpies are given in Table 2. Water binding
energies are calculated from lowest-energy structures
and these values are given in Table 3. The structures of
BetLi and AlaOEtLi do not change significantly
upon the addition of a single water molecule. The
values given in the table for these species are adiabatic
binding energies which should be approximately equal
V) for loss of a water molecule from AALi(H2O)n, n  1–3,
using both TCJ and TT, and with transition dipole moment ()
Eo H(298K)1.2
91 0.85–0.91 0.85–0.91 0.87–0.93
86 — 0.83–0.88 0.85–0.90
83 0.79–0.82 0.79–0.84 0.83–0.88
61 — 0.58–0.62 0.59–0.63
61 — 0.58–0.62 0.59–0.63
65 — 0.64–0.67 0.66–0.69
65 0.61–0.65 0.61–0.65 0.62–0.66
65 0.61–0.65 0.61–0.65 0.62–0.66
70 0.67–0.71 0.67–0.72 0.69–0.74
— 0.49–0.51 0.50–0.52
— 0.27–0.30 0.31–0.34
47 — 0.43–0.47 0.46–0.50
— 0.60–0.61† 0.61–0.62†
47 0.45–0.46 0.45–0.47 0.49–0.51
0.53 0.53 0.56
3, from density functional calculations at the B3LYP/6-31G**
Val ZW AlaOEt Bet
1.00/1.12‡ 1.10 1.08
0.08/0.09 0.09 0.11
0.09/0.09 0.09 0.07
0.82/0.94‡ 0.92 0.90
0.80/0.95‡ 0.70 0.88/0.89‡
0.10/0.14 0.07 0.10/0.10
0.07/0.07 0.09 0.07/0.08
0.62/0.75‡ 0.53 0.70/0.71‡
0.61 0.63 0.53
0.09 0.13 0.10
0.09 0.06 0.07
0.43 0.44 0.37(in e
ents,

1.0
5–0.
3–0.
9–0.
8–0.
8–0.
4–0.
2–0.
1–0.
7–0.
—
—
6–0.
—
6–0.
—1 to
s
0.06†
0.11†
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there should not be a significant reverse activation
barrier for these reactions. For the nonzwitterion form
of valine, the calculated binding energy is an adiabatic
value while both adiabatic and nonadiabatic values are
given for the zwitterionic form. Isomerization of zwit-
terionic ValLi to the most stable structure, which is a
nonzwitterion, is likely to occur after the transition state
of the dissociating complex. This would result in a
reverse activation barrier for this reaction which is
significant. If this is the case, then the value most
comparable to the experiment is the nonadiabatic bind-
ing energy. For zwitterionic valine, the difference in
nonadiabatic versus adiabatic binding energy is 0.12 eV.
The absolute values of the calculated binding energies
are all greater than the values of the experimentally
derived binding energies by 0.05 eV. The agreement
in the absolute values obtained by theory and experi-
ment is very good, and theory reproduces the same
trend in binding energy obtained from the experimental
data. However, theory indicates that no significant
difference in water binding energy for the zwitterion
and nonzwitterion forms of valine should be measured
in this experiment, although the adiabatic binding en-
ergies of these two forms of valine differ by 0.13 eV.
The Arrhenius plots, threshold dissociation energies,
lowest-energy structures, and calculated binding ener-
gies all indicate that ValLi(H2O) is nonzwitterionic,
with the lithium ion NO-coordinated and the water
molecule interacting entirely with the lithium ion. The
addition of a water molecule to ValLi does not change the
structure of the amino acid.
ValLi(H2O)2
The dissociation of water from ValLi(H2O)2 was mea-
sured at TCJ values between 20–51.2 °C (13–51.2 °C
using TT). Below room temperature, there is a discrep-
ancy between the temperature measured using a ther-
mocouple in the cell center and the temperature of the
cooled copper jacket. The correlation coefficients for
these Arrhenius plots over the range of temperatures
selected are 0.995 with TT and 0.998 with TCJ. Note
that slight curvature in the Arrhenius data is expected
due to increasing depletion of the higher energy tail of
the population at higher temperature [45, 64].
To determine the extent of curvature expected, rate
constants for ValLi(H2O)2 were calculated as a func-
tion of temperature over the temperature range of the
experiment using a threshold dissociation energy of Eo
 0.62 eV. These data are shown in Figure 4, along with
the experimentally determined dissociation rate con-
stants for ValLi(H2O)2 using TT and TCJ. The correla-
tion coefficient for the modeled Arrhenius plot using
these calculated values is 0.999. Thus, the extent of
curvature that should be present in the data is small and
more similar to the experimental data using the uncor-
rected temperature scale. This suggests that the temper-
ature correction may overestimate the temperature dif-ference between the copper jacket and the temperature
in the cell center. However, we include results from
both scales to get a better measure of the uncertainty in
our absolute values.
The Arrhenius plots for ValLi(H2O)2 and
AlaOEtLi(H2O)2 are quite similar to each other (Fig-
ure 1), independent of whether or not the temperature
correction is used, and both complexes are different
than BetLi(H2O)2, which suggests similar water bind-
ing for the valine and alanine ethyl ester complexes. The
measured values of Ea and log A obtained from these
Arrhenius data are given in Table 1. Independent of
whether the temperature correction is used, these val-
ues for ValLi(H2O)2 and AlaOEtLi
(H2O)2 are iden-
tical within error, and less than the Ea and log A for
BetLi(H2O)2 by 25%. These Arrhenius data strongly
suggest that the water molecules in ValLi(H2O)2 and
AlaOEtLi(H2O)2 are bound similarly.
The lowest-energy structures for AALi(H2O)2 at
the B3LYP/6-31G** level of theory are shown in
Figure 5. AlaOEtLi(H2O)2 appears to be a good model
for the NO-coordinated valine nonzwitterion, with both
water molecules interacting with the lithium ion.
BetLi(H2O)2 has the same mode of metal ion and
water binding as both the OO-coordinated valine non-
zwitterion and zwitterion. Zwitterionic ValLi(H2O)2
is essentially isoenergetic with both lowest-energy non-
zwitterionic structures, all of them within 0.06 eV at the
B3LYP/6-31G** level of theory, with zero-point
energy and H(298 K) corrections. Theory indicates
that all three structures should be present.
Threshold dissociation energies for the loss of water
from AALi(H2O)2 determined from the data using
both temperature scales are given in Table 2. Using TCJ,
the Eo values for the valine and alanine ethyl ester
complexes are indistinguishable (0.60  0.02 eV). This
value for the betaine complex is distinctly higher (0.66
 0.02 eV). Using TT, ValLi
(H2O)2 and
AlaOEtLi(H O) have threshold dissociation energies
Figure 4. Arrhenius plot for loss of a water molecule from
ValLi(H2O)2, with master equation modeled rate constants cal-
culated using a threshold dissociation energy of Eo  0.62 eV
(solid line), experimentally determined rate constants using the TT
temperature scale (squares), and the experimentally determined
rate constants using the TCJ temperature scale (circles). The dash
line is a linear fit to the experimental data measured at tempera-
tures above 22 °C.2 2
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0.70  0.03 eV. Thus, using TT in the master equation
modeling results in Eo values that are higher by 0.03–
0.04 eV. However, independent of which temperature
scale is used, BetLi(H2O)2 has a threshold dissociation
energy that is 0.06 eV higher than that of both
ValLi(H2O)2 and AlaOEtLi
(H2O)2. The identical val-
ues of Eo for the valine and alanine ethyl ester com-
plexes indicate that water is bound similarly in these
two complexes.
The Arrhenius data and threshold dissociation ener-
gies are consistent with a single structure for each of
these clusters, although we cannot rule out the presence
of rapidly interconverting structures. These data indi-
cate that ValLi(H2O)2 has an NO-coordinated nonz-
witterion structure. The addition of two water molecules
does not change the structure of ValLi.
Binding energies determined from lowest-energy
structures are listed in Table 3. Values which should be
comparable to experimental binding enthalpies for be-
taine and for the zwitterion form of valine are nonadia-
batic. These values differ from the adiabatic values by
0.01 and 0.13 eV, respectively. In contrast to the results
for one water, theory indicates that the zwitterionic
form of valine binds the second water molecule 0.19 eV
more strongly than the nonzwitterionic form. This
difference in energy is nearly the same as that calcu-
lated for betaine versus alanine ethyl ester. The order-
ing of water binding energy is valine zwitterion 	
betaine  valine 	 alanine ethyl ester, in agreement
with the ordering from experiment, betaine  valine 	
alanine ethyl ester, assuming that valine is nonzwitte-
rionic. There is good agreement in the absolute values
of binding energy determined by experiment and theory.
AALi(H2O)3
Arrhenius data for the dissociation of water from
AALi(H O) are obtained between 60 and 20 °C
Figure 5. Lowest-energy structures of AALi(H2O)2 complexes
at the B3LYP/6-31G** level of theory. Relative energies (in eV)
include corrections for zero-point energy and enthalpy at 298 K.2 3using TCJ (41 and 13 °C using TT) for the three
complexes, and correlation coefficients for these Arrhe-
nius plots (Figure 1) over the range of temperatures
selected are 0.993 for TCJ (0.992 for TT). The mea-
sured zero-pressure Arrhenius activation energies and
pre-exponential factors obtained from the Arrhenius
plots are given in Table 1. The Arrhenius data are
clearly different for these compounds, indicating that
the third water molecule is bound differently in all three
complexes.
Threshold dissociation energies for the loss of the
third water molecule of AALi(H2O)3 are given in
Table 2. Using TCJ, Eo for AALi
(H2O)3 is 0.50  0.01,
0.29  0.02, and 0.45  0.02 eV for AA  Val, AlaOEt,
and Bet, respectively. Using TT, a value for valine
cannot be obtained using our standard parameters in
the master equation modeling. A value of 0.61 eV is
obtained if the fitting is done using a transition dipole
moment multiplication factor of 1.8. This result again
indicates that the TT scale may overestimate the tem-
perature difference.
Lowest-energy structures for AALi(H2O)3 at the
B3LYP/6-31G** level of theory are shown in Figure
6. Including zero-point energy and H(298 K) correc-
tions, zwitterionic ValLi(H2O)3 is 0.05 eV lower in
energy than the lowest-energy NO- or OO-coordinated
nonzwitterionic structures. AlaOEtLi(H2O)3 appears
to be a good model for the NO-coordinated
ValLi(H2O)3 nonzwitterionic form with similar modes
of metal ion and water binding. If valine was an
NO-coordinated nonzwitterionic complex, the loss of
water should be similar to that from AlaOEtLi(H2O)3.
Clearly this is not the case. Thus, these results indicate
that with three water molecules, the mode of water
binding is converted from the NO-coordination ob-
served for zero, one, and two water molecules to
OO-coordination. With the metal ion OO-coordinated,
valine could either be a zwitterion or a nonzwitterion. If
Figure 6. Lowest-energy structures of AALi(H2O)3 complexes
at the B3LYP/6-31G** level of theory. Relative energies (in eV)
include corrections for zero-point energy and enthalpy at 298 K.
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water binding energy should be similar to that of
betaine because the modes of metal ion and water
binding are nearly the same. The significantly higher
water binding energy for valine versus betaine indicates
that valine is a zwitterion, with the third water molecule
interacting with the protonated amino group and not
with the metal ion. Thus, three water molecules appear
to be sufficient to change the mode of metal ion binding
from the preferred NO-coordination in the gas phase to
OO-coordination, and to turn valine into its zwitterion
form that occurs in solution.
The calculated binding energies of water from the
lowest-energy structures are given in Table 3. The
values which are comparable to experimental binding
enthalpies for the nonzwitterionic forms of valine are
nonadiabatic. The calculated binding energies of water
for the ValLi(H2O)3 zwitterion and nonzwitterion are
essentially the same. The binding energy of water to
zwitterionic valine is 0.08 eV below the experimentally
derived binding enthalpy. For alanine ethyl ester and
betaine, these values differ by 0.12 eV and 0.11 eV,
respectively, using TCJ. The range of calculated binding
energies is 0.07 eV, whereas the range of experimental
binding enthalpies with TCJ is 0.19 eV and with TT is
0.12 eV. But overall, the agreement in the absolute
binding energies between experiment and theory is
very good given the relative size of the complexes and
the level of theory used.
Conclusions
Water plays a key role in the structure of amino acids.
In bulk solution, amino acids are zwitterionic over a
wide range of pH whereas amino acids are nonzwitte-
rionic in the gas phase. The binding energies of indi-
vidual water molecules to ValLi complexes with one
to three water molecules attached was determined
using BIRD. From these values, information about the
structures is deduced. Master equation analysis of the
experimental data is used to determine threshold dis-
sociation energies using two different temperature
scales. The temperature scales correspond to the tem-
perature of the copper shroud surrounding the ion cell
and to a thermocouple in the center of the cell. Al-
though the absolute values of the binding energies
differ slightly using these two different scales for exper-
iments below room temperature, the relative values for
the different isomers with a given extent of hydration
do not. We find that the temperature of the copper
jacket produces more reliable values based on the range
of values required in the master equation modeling and
on the extent of curvature in the Arrhenius plots.
Without water, ValLi forms a unique gas-phase
structure in which the metal ion is NO coordinated. We
find that clusters with one or two water molecules also
have the metal ion NO coordinated and the water
molecules interact directly with the lithium ion. Two
reference compounds are used as models of nonzwitte-rion and zwitterion structure. The binding energy of
water to ValLi is nearly the same as that for the
nonzwitterion reference compound for the clusters with
one and two water molecules, and these values are
different for the zwitterion reference compound. The
difference in threshold dissociation energies for the
zwitterion versus nonzwitterion model compounds
with one and two water molecules is 0.05 eV. This
difference is small, but easily measurable in these
experiments. There is good agreement between the
measured binding energies and the absolute values of
binding calculated at the B3LYP/6-31G** level of
theory.
For ValLi(H2O)3, the experimentally determined
binding enthalpy of water is greater than that for either
of the reference compounds indicating an unusually
stable arrangement of water molecules around the
amino acid. These results clearly indicate that upon
addition of the third water molecule, the position of the
metal ion moves from NO coordination, which is ob-
served for zero, one and two water molecules, to OO
coordination. The unique water binding energy for this
cluster indicates a salt-bridge form of the cluster in
which valine is zwitterionic. Thus, three water mole-
cules are sufficient to form the solution form of valine
in these hydrated clusters. Calculations at the
B3LYP/6-31G** also indicate the zwitterionic form
of valine in these clusters is most stable. These results
indicate that relatively few water molecules are neces-
sary to produce the solution-phase form of this amino
acid.
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